Abbreviations: AUC, area under the curve; EGJ, esophagogastric junction; HRM, high-resolution manometry; IQR, interquartile range; IRP, integrated relaxation pressure; MRS, multiple rapid swallows; POEM, peroral endoscopic myotomy; RDC, rapid drinking challenge; ROC, receiver operator characteristic; TBE, timed barium esophagogram. 
| INTRODUC TI ON
Achalasia is an esophageal motility disorder caused by functional loss of neurons in the myenteric plexus leading to aperistalsis of the esophageal body and impaired relaxation of the esophagogastric junction (EGJ). The subsequent stasis of food and liquid results in typical symptoms of dysphagia, regurgitation, chest pain, and weight loss. 1 In the diagnostic approach and follow-up of achalasia three diagnostic modalities are central: endoscopy, esophageal manometry and the timed barium esophagogram (TBE). Each modality has it unique attribute, but there is significant overlap in the acquired information and in many patient all tests are performed. 2 Endoscopy is the initial investigation performed to rule out obstruction, it is required before definite treatment for achalasia is performed. Radiographic examination of the esophagus can be diagnostic for achalasia but the gold standard to confirm diagnosis is esophageal manometry, showing absent peristalsis and incomplete relaxation of the EGJ. 3 The additional value of TBE is the information it gives on the contour of the esophagus and esophageal stasis, one of the hallmarks of achalasia. Previous studies showed that evaluating esophageal emptying by TBE is a useful metric to assess treatment outcome and identify patients at risk for recurrence of symptoms. [4] [5] [6] It even proved to be a better predictor of treatment success than EGJ pressure measured by manometry. 5 However, a major disadvantage of TBE is the exposure to a significant degree of ionizing radiation.
With the introduction of high-resolution manometry (HRM), new metrics to evaluate esophageal motility were introduced, leading to a new classification of esophageal motility disorders known as the Chicago classification. [7] [8] [9] HRM has largely replaced conventional manometry because of its superior diagnostic performance. 10 The increased accuracy and details provided by HRM also increased the value of esophageal manometry in the assessment of treatment outcome. It was shown that a normalized integrated relaxation pressure (IRP) is associated with symptom improvement. 11 However, esophageal stasis on TBE still is considered an important outcome measure which not always correlates with HRM metrics. 2, 11 Esophageal stasis can also be assessed with HRM, by looking at the intrabolus pressure after standard 5-mL water swallows, as well as by performing provocative tests. Assessing provocative tests during HRM adds information on integrity of deglutitive inhibition and esophageal body contraction reserve in addition to the single swallows. [12] [13] [14] [15] [16] [17] Two variants have been used: a short rapid drinking test, called multiple rapid swallows (MRS), with 5-10 rapid swallows of 2 mL to assess the inhibitory mechanism and peristaltic reserve, 12, 13, 18, 19 and a rapid drinking challenge test (RDC) with 100-200 mL free drinking to assess EGJ obstruction. 2, 14, 15, 20 Studies by Marin et al and Ang et al showed that a RDC in newly diagnosed achalasia patients initiates sustained pressurization of the entire esophageal body and a high-pressure gradient across a non-relaxed EGJ. 14, 15 We hypothesized that the pressurization during RDC reflects intrabolus pressure related to retention of large liquid volumes and is indicative of esophageal stasis on TBE.
Analyzing esophageal stasis by HRM could help to reduce the exposure to ionizing radiation by TBE. The aim of our study was therefore to assess esophageal stasis in achalasia patients using a rapid drinking challenge test during HRM and to compare this to the TBE protocol.
| MATERIAL AND ME THODS

| Study subjects and inclusion criteria
Adult achalasia patients undergoing a HRM in the period January 2013 till October 2016 were prospectively included for this study. 
| Study protocol
Study subjects, healthy subjects and achalasia patients, that fulfilled the inclusion criteria first underwent a HRM measurement. A TBE was carried out subsequently at the same day in all achalasia patients but not in healthy subjects. Clinical data were collected and symptoms
were assessed using the Eckardt score. This score reflects the sum of
Key Points
• Esophageal stasis is a hallmark of achalasia and measured by timed barium esophagogram (TBE) which exposes patients to ionizing radiation. We aimed to assess if a rapid drinking challenge (RDC) during HRM can predict esophageal stasis in achalasia comparable to TBE.
• The RDC during HRM is a reliable measure of esophageal stasis in achalasia and can also adequately assess clinical response to treatment to a degree comparable to TBE.
• The RDC is a simple and inexpensive test that should be added to each HRM study in achalasia patients.
symptom scores for dysphagia, regurgitation and chest pain (0 = absent, 1 = occasionally, 2 = daily, 3 = each meal) with additionally the score of weight loss (0 = no weight loss, 1 = <5 kg, 2 = 5-10 kg, 3 = >10 kg). 21 In treated achalasia patients data on the type of treatment (pneumodilation, Heller myotomy or peroral endoscopic myotomy), treatment date and time until recurrent symptoms were assessed.
| High-resolution manometry and analysis
Manometric studies were performed using a solid-state HRM catheter with 36 circumferential pressure sensors spaced at 1-cm intervals (Medtronic, Minneapolis, MN, USA). Patients and healthy subjects were instructed to fast at least 6 hours before the manometry was carried out. Before placement of the catheter, the pressure sensors were calibrated from 0-300 mm Hg. The catheter was placed transnasally and positioned to record from hypopharynx to the stomach.
At least three pressure sensors were placed intragastrically. Following a standardized protocol, all study subjects received ten 5-mL water swallows in supine position (10°-20°) with an interval of 20 seconds after a 5-minute baseline recording for adaptation. This was followed by a period of 30 seconds not swallowing to measure EGJ baseline pressure. The HRM data were analyzed using dedicated software (Manoview, Medtronic, Minneapolis, MN, USA). Thermal compensation was applied before analysis. 7 Esophageal motility was assessed according to Chicago classification version 3.0 and the following key esophageal pressure topography metrics were measured: EGJ basal pressure at end-expiration, the 4-s integrated relaxation pressure (IRP), distal contractile integral (DCI), distal latency (DL), peristaltic integrity using the 20-mm Hg isobaric contour and intrabolus pressure pattern with ≥30 mm Hg isobaric contour. 9 EGJ pressures were referenced to gastric pressure, whereas esophageal contraction metrics were referenced to atmospheric pressure. 7 Achalasia was defined as an IRP >15 mm Hg without peristalsis. 9 Esophageal contraction and pressurization patterns were used to allocate achalasia patients into three different subtypes: type I 100% failed peristalsis; type II 100% failed peristalsis with panesophageal pressurization in ≥20% of the swallows; type III no normal peristalsis with premature, spastic contractions in ≥20% of the swallows. 9 Treated patients with an IRP <15 mm Hg were not categorized in achalasia subtypes but received a manometric diagnosis of a motility disorder without EGJ outflow obstruction according to the Chicago classification version 3.0. 
| Rapid drinking challenge
At the end of the HRM measurement the RDC was performed.
Study subjects were in semirecumbent (30°-45°) position and were instructed to drink rapidly 200 mL of water using a straw. In case, a first attempt was unsuccessful due to dysphagia, pain or regurgitation a second RDC was performed after a break of 5 minutes. ophageal body to the water load, the topographic metrics for single swallows of the Chicago classification version 3.0 were used. 9 An F I G U R E 1 Rapid drinking challenge during HRM in a healthy subject (A) and an untreated achalasia patient (B). For each study subject duration of RDC, number of swallows, EGJ function (EGJ basal pressure and IRP-RDC) during complete RDC (white arrow) and esophageal body pressurization during the last 5 s (white box) was measured. The IRP-RDC was measured by the IRP window for single swallows. Esophageal body pressurization was assessed by the isobaric contour, see panel B. In the healthy subject, complete inhibition of peristaltic activity and EGJ relaxation (IRP-RDC 6.3 mm Hg) is observed during the RDC, which is followed by an after-contraction. The RDC of the achalasia patient shows a non-relaxing high-pressure EGJ (IRP-RDC 24.7 mm Hg) and progressive esophageal body pressurization of 45 mm Hg after-contraction was considered normal when the swallow had DCI >450 mm Hg s cm and a normal DL (>4.5 s), and pressurization was absent. EGJ pressures were referenced to gastric pressure, all other pressures were referenced to atmospheric pressure.
| Timed barium esophagogram
Esophageal emptying and the width of the esophagus were evaluated by TBE. Achalasia patients were instructed to ingest a maximal tolerable amount of low density barium sulfate suspension (200 mL) during a time window of 30-60 seconds without regurgitation or aspiration. Patients were instructed to stand in an upright, slightly left posterior oblique position. After ingestion of the barium suspension radiographs were taken at 0, 1, 2, and 5 minutes to determine esophageal stasis. 23 The distance in centimeters from the tapered distal esophagus, starting at the EGJ, to the top of the barium column was measured to determine the barium height. 23 The maximal esophageal diameter during TBE was measured to assess the esophageal width. The barium column height at 5 minutes was used to evaluate completeness of emptying. 4 Esophageal emptying was considered complete if 1 cm or less stasis was observed after 5 minutes.
| Statistical analysis
Continuous data are presented as median (interquartile range, IQR) according to distribution. Categorical data are presented in percentages.
Comparison of the outcome of continuous data measured by HRM, RDC and TBE between groups was performed using the Kruskal-Wallis test. Post-hoc analysis was performed using Mann-Whitney U test with Bonferroni correction for multiple testing. For categorical data Chi-square test or Chi-square test for trend were used for analysis.
Correlation between outcome parameters of RDC (esophageal pressurization, EGJ basal and relaxation pressure), HRM (IRP) and TBE (esophageal stasis and width) were analyzed by linear regression analysis (Spearman's rank). For esophageal pressurization during the RDC and the IRP-RDC a cut-off for normality was determined by the 90th percentile in healthy subjects. Optimal diagnostic thresholds for both parameters were also obtained by receiver operator characteristic (ROC) curves with the data of untreated achalasia patients and healthy subjects. The optimal cut-off value was defined as the cut-off corresponding to the point of the ROC curve closest to the sensitivity = 1, specificity = 1 optimum. According to obtained cut-off values contingency tables were created and data were compared by Chi-square test or Fisher's exact test. Differences were considered statistically significant when P < .05 (P < .001 after Bonferrroni correction). All reported P-values are two-tailed. Statistical analysis was performed using IBM spss Statistics 24 (IBM Corporation, Armonk, NY, USA). were classified as absent contractility (n = 24, 80%) or fragmented peristalsis (n = 4, 12%). All three achalasia subtypes were observed in both untreated and symptomatic treated achalasia patients, see Table 1 . In both groups, the majority of patients were classified as type I or II. 
| RE SULTS
| Patient characteristics
| Timed barium esophagogram
| Rapid drinking challenge
In Table 2 , the outcome of the RDC is presented. Overall, four untreated achalasia patients (3.3% of all study subjects) did not succeed to complete the RDC due to regurgitation. mm Hg; P < .001). EGJ basal pressure after the RDC was significantly higher in untreated achalasia patients compared to healthy subjects and treated achalasia patients. In none of the achalasia patients, an after-contraction was observed. In healthy subjects in 73% of the cases, the RDC was followed by an after-contraction. Figure 2 shows the distribution of esophageal body pressurization at the final 5 seconds of the RDC between subgroups. The data in Table 2 show that esophageal body pressurization can discriminate between all subgroups. On the basis of the higher 90th percentile of esophageal body pressurization in healthy subjects, we estimated a cutoff for normality of 13 mm Hg. This was confirmed by a ROC curve for esophageal body pressurization which showed a diagnostic threshold range of 10.5-16.5 mm Hg, with an optimal cut-off of 12. Table 2 show that IRP-RDC can adequately discriminate between the subgroups.
| Rapid drinking challenge in relation to esophageal emptying, EGJ relaxation pressure (IRP) and symptoms
A strong correlation was observed between esophageal stasis after 2 and 5 minutes at TBE and esophageal body pressurization during RDC ( Figure 3 ; stasis at 2 min r = .70, P < .01; stasis at 5 min r = .75, P < .01 Spearman's rank). Of all the achalasia patients, 29 patients (two untreated, three treated with symptoms, 24 treated without symptoms) had none or minimal esophageal stasis (0-1 cm) at 5 minutes during TBE. Esophageal body pressurization was significantly lower in achalasia patients with none or minimal esophageal stasis compared to those with more than 1 cm esophageal stasis (11 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] mm Hg versus 32 F I G U R E 2 Esophageal pressurization during RDC of all groups. Healthy subjects had a significantly lower esophageal pressurization (6 [3-7] mm Hg) compared to all achalasia groups (overall, P < .01). Both untreated and treated symptomatic achalasia patients (43 [33-55] mm Hg; 25 [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] mm Hg) showed a significantly higher esophageal pressurization during RDC compared to treated asymptomatic patients (11 [8] [9] [10] [11] [12] [13] [14] [15] mm Hg; P < .001). The cut-off for normality was based on the 90th percentile of healthy subjects, 13 mm Hg. All untreated patients had a higher pressurization than the cut-off value, for symptomatic treated patients this was 87% (n = 26) and for treated asymptomatic patients 30% (n = 9) All untreated achalasia patients had an IRP4 > 15 mm Hg and esophageal pressurization during RDC above the cut-off for normality of 13 mm Hg. In only 7% (n = 2) of these patients esophageal stasis at TBE was inconsistent, showing no stasis (Figure 4 ).
Discrepancy between esophageal stasis on TBE and esophageal body pressurization was noted in three treated symptomatic patients (10%), of which two showed normal pressurization but significant stasis on TBE and had an IRP >15 mm Hg (Figure 4 ). In 9 (30%) treated symptomatic patients, discordance was observed between esophageal stasis on TBE and IRP, eight patients had stasis and esophageal body pressurization above normality but an IRP <15 mm
Hg. Within the group of asymptomatic treated achalasia patients the highest degree of discordance between outcome parameters was observed. Inconsistency between esophageal stasis and esophageal body pressurization was seen in 11 patients (37%) (Figure 4 ).
Discordance between IRP and TBE or RDC was seen in 8 (27%) and 9 (33%) asymptomatic treated patients, respectively (Figure 4) . The sensitivity and specificity of esophageal pressurization during RDC to adequately predict stasis on TBE was 90% and 66% respectively, versus 77% and 83% with IRP. In other words, if no pressurization occurred during the RDC, the probability of measuring significant stasis at the TBE is very small.
| D ISCUSS I ON
The aim of this prospective study was to evaluate if a rapid drinking test (RDC) during HRM can assess esophageal stasis in achalasia comparable to stasis on TBE. Our data showed that esophageal body pressurization during RDC strongly correlates with esophageal stasis on TBE in achalasia patients, comparable to the standard predictor of stasis on TBE, the IRP. In addition, RDC could adequately identify clinical response to treatment and help to make a diagnosis in case of doubt. The correlation between symptoms and the outcome F I G U R E 3 Correlation between barium column height at 5 minutes on TBE versus outcome of RDC (esophageal body pressurization (A), EGJ basal and relaxation pressure (IRP-RDC) [B; C]) and integrated relaxation pressure (IRP) during HRM (D). Esophageal body pressurization had the best correlation with barium column height (r = .75, P < .01) compared to the other two outcome parameters of RDC, EGJ basal and relaxation pressure. A strong correlation was observed between esophageal pressurization and barium column height at 5 minutes on TBE (r = .75, P < .01), comparable to the standard predictor of esophageal stasis, the IRP (r = .66, P < .01) parameters of the RDC was compatible with the manometric and radiographic predictors of successful treatment. On the basis of these findings, we conclude that the RDC is as useful as TBE in measuring esophageal stasis and propose to add this simple test to each HRM study in achalasia patients. It may even make TBE unnecessary in cases where information on esophageal diameter is not required.
To illustrate this, if no pressurization is observed during RDC, the probability of measuring stasis on TBE is very small and one could consider refraining from using the TBE.
As the introduction of HRM, data suggest that provocative tests, like a rapid drinking challenge (RDC) or multiple rapid swallows (MRS), provide additional information to the single swallows of the standard HRM protocol and increases the sensitivity to detect esophageal motility disorders. [14] [15] [16] [17] 19, 20 Provocative tests enhance central and peripheral deglutitive inhibition which normally results in complete inhibition of the esophageal body and complete relaxation of the EGJ, followed by a peristaltic contraction and EGJ aftercontraction. [12] [13] [14] [15] [16] Two types of provocative tests have been used: a short rapid drinking test, referred as multiple rapid swallows (MRS), with 5-10 rapid swallows of 2 mL to assess inhibitory mechanism and peristaltic reserve, 12, 13, 18, 19 and a rapid drinking challenge (RDC) with 100-200 mL free drinking to assess EGJ obstruction. 2, 14, 15, 20 It has been suggested that both MRS and RDC can help to distinguish patients with border-line motility disorders after the standard single swallows, for example, in patients with a differential diagnosis between absent contractility and type I achalasia. 14 Discordance between pressurization and barium column height (A) was seen in 2 (7%) of the untreated patients, 3 (10%) of the treated symptomatic patients, and 11 (37%) of treated asymptomatic patients. Discordance between barium column height and IRP (B) was seen in 2 (7%) of the untreated patients, 9 (30%) of the treated symptomatic patients, and 8 (27%) of treated asymptomatic patients. Discordance between pressurization and IRP (C) was seen in none of the untreated patients, 10 (33%) of the treated symptomatic patients and 9 (30%) of treated asymptomatic patients untreated achalasia patients. 14, 15 Their results showed a sustained hyperpressive or obstructive pressure pattern in the esophageal body and a high pressure gradient across a non-relaxed EGJ in these patients during a RDC, similar to our data. 14, 15 Whether the cause of the pressurization is increment of contractile activity due to lack of inhibitory mechanisms or increased bolus retention due to retention of large volumes remains speculative. 14, 18 The preserved motor activity observed in achalasia patients by other studies could be related to the type of provocative test that was carried out, the MRS instead of the RDC used in our study. The RDC is designed to assess EGJ obstruction which results in stasis by inadequate opening of the EGJ as shown in our study. 2, 20, 24 To discriminate achalasia subtypes by a provocative test, the MRS seems preferable. 18 The aim of our study was to assess esophageal stasis during HRM in achalasia patients and compare this to the TBE protocol. Therefore, we only performed a RDC to detect EGJ obstruction and pressurization and excluded the MRS from this study protocol. MRS could be added to a HRM study to better observe esophageal peristaltic reserve and integrity of deglutitive inhibition in patients with esophageal symptoms.
HRM is considered as the gold standard to diagnose achala- This study related esophageal stasis during a manometric RDC using 200 mL water with stasis on TBE after drinking 200 mL lowdensity barium sulfate. Barium sulfate is more viscous than water and this could influence the degree of bolus clearance. Omari et al showed in healthy subjects that increasing bolus viscosity was associated with higher peristaltic peak pressure and intrabolus pressure during HRM which reduced bolus clearance. 32 Similar findings were observed when the bolus volume was increased. 32 The strong correlation between esophageal body pressurization during RDC and barium column height on TBE in this study also suggests that Previous studies also used HRM metrics and this far there is no agreement on a common standard analysis for RDC. However, the outcome of the RDC was quite consistent and no apparent disparity between patients was observed.
In conclusion, presence of esophageal pressurization during a RDC is a reliable measure of stasis in achalasia and allows to assess response to treatment to a degree comparable to TBE. Therefore, we propose to add this simple and inexpensive test to each HRM study in achalasia patients. Long-term data would be of value to evaluate if HRM with RDC could completely substitute TBE. 
D I SCLOS U R E S
